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bstract

A new multisensor system based on a thermal desorption pre-concentrator has been used jointly with a tin oxide gas sensor array to asses the
ontamination of carbon dioxide by benzene. The results obtained show that using this type of pre-concentrator, it is possible to detect benzene at
pb levels even in the presence of other pollutants at ppm levels.
The system uses a Carbopack B unit that absorbs benzene traces and then releases them concentrated in a factor greater than 200 and is capable
f classifying benzene samples down to 10 ppb in a CO2 flow with different volatile interferences. The e-nose reached a 100% success rate in
he classification and identification of the benzene, CO2 and pollutants. These results show that e-nose technology can be a useful tool as quality
ontrol in the beverage industry.

2008 Elsevier B.V. All rights reserved.
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. Introduction

The safety and quality control of food products is becom-
ng a priority issue in developed countries. This means that new
nd more restrictive legislation is being issued by governments
o answer the public awareness of the situation. In the case
f gaseous beverages such as sodas and beers, the quality of
he CO2 used is of vital importance to comply with the rec-
mmendations of the ISBT (International Society of Beverage
echnologists) [1].

The International Society of Beverage Technologists (ISBT)
as defined the quality standards for the CO2 to be used in this
pplication, defining a threshold limit for benzene in 20 ppb,
hile other hydrocarbons like methane can be present in con-

entration up to 30 ppm. Metal oxide gas sensors has shown to
e candidates for assessing the carbon dioxide quality for these
pplication in low cost equipments to be placed in the beverage
Please cite this article in press as: C. Duran, et al., Thermal desorption pr
by benzene, Sens. Actuators B: Chem. (2008), doi:10.1016/j.snb.2007.12.

roduction plants [2,3].
Nevertheless the sensitivity to benzene does not accomplish

he requirements. So, a pre-concentrator system to increase the
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ensors response to benzene has been used in combination with
gas sensor array to extend the measuring range as proposed in

4,5].
To cope with newer legislation requirements, expensive

nstruments are being used to control CO2 quality at the produc-
ion plant [6,7]. Nevertheless, these instruments do not provide
n-line analysis and they require specialized personnel to oper-
te them. Moreover, they cannot be used in the transportation of
he stage or in the customer plant, phases where the product can
e contaminated by external sources.

The work presented in this paper has been developed to
ddress a real need by a CO2 production plant in Spain. The
ain goal of the application that will be described is devoted to

he detection of benzene down to the values recommended by
he ISBT (around 5–10 ppb) in a CO2 flow with a 99.95% purity
evel. Even at this purity value, many interfering volatiles can
till be found, as described in Table 1. These requirements should
e achieved with a cheap and reliable system that could be easily
nstalled, operated and maintained at the customer facilities or
ven embedded in the transportation system.
e-concentrator based system to assess carbon dioxide contamination
022

To achieve such ambitious goals a carefully devised research
nd development effort has been planned. The first stage of such
plan is to design a prototype to evaluate the feasibility of the

pproach selected. For the first time, a prototype based on a semi-

dx.doi.org/10.1016/j.snb.2007.12.022
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Table 1
Typical contaminants with their maximum concentrations allowed in 99.95%
purity CO2

Pollutant Maximum concentration allowed

Water (ppm) 8
Total aldehydes (ppb) 200
Ammonia (ppm) 2
Benzene (ppb) 20
Nitrogen dioxide (ppb) 500
Sulfide dioxide (ppm) 2
Heavy hydrocarbons (ppm) 1
Volatile hydrocarbons (ppm) 20
Methane (ppm) 30
Carbon monoxide (ppm) 2
Nitrogen (ppm) 40
Nitric oxide (ppm) 2.5
Oxygen (ppm) 9
H
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ydrogen sulphide (ppb) 500

old value indicates the principal pollutant of investigation in the work.

onductor multisensor array coupled to a thermal desorption unit
as been proposed to detect benzene under a CO2 flow.

The coupling of thermal desorption units to multisensor
ystems based on semiconductor gas sensors to enhance their
ensibility has been proposed before [8–15]. Anyhow, these sys-
ems have never been used under a CO2 atmosphere, since the
eneral belief that tin oxide gas sensors need oxygen to interact
ave prevented their use in this type of applications. Never-
heless, recent publications prove that these types of sensors
erform in a similar way under a CO2 atmosphere. Moreover,
n the prototype designed a novel and simple made-in-house
esign has been proposed and tested for the thermal desorption
nit.

This paper has been organized in four different sections.
he second chapter describes the experimental of the proto-

ype fabricated, including the design process followed until the
Please cite this article in press as: C. Duran, et al., Thermal desorption pr
by benzene, Sens. Actuators B: Chem. (2008), doi:10.1016/j.snb.2007.12.

efinitive prototype has been completed. Section 3 describes the
esults obtained and discusses the suitability of the instrument
esigned to the application sought. Finally, Section 4 outlines
he conclusions of our work.
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. Experimental

.1. General configuration

The system initially proposed consists of four different
lectro-valves, a platform with the thermal desorption unit, a
ensor chamber, electronic circuitry and a personal computer
ystem to control the measurement process, acquire sensor sig-
als and to process those signals into useful information. Fig. 1
hows the configuration proposed.

The measurement process starts when electro-valves 1 and 4
edirect the CO2 flow to the adsorption system as the dashed line
llustrates. In this configuration, benzene impurities are absorbed
n the carbon powder during a predefined period of time. Once
he concentration phase is finished, the thermal desorption phase
an be activated using the same circuit or in the other direction,
hanging the position of electro-valves 2 and 3. Electro-valve
has been included to maintain the same flow in the sensor

hamber no matter the measurement phase.
The sensor chamber houses a minimum amount of sensors (4

nits) in order to minimize the dead volume of the system and
he energy consumption. A software controls the measurement
rocess in real-time so that the system completes each mea-
urement in the same way in order to obtain a repetitive set of
easurements.

.2. Sensor array design and optimisation

Two different sensor chambers were designed for the system.
he first chamber (seen in Fig. 2) was specifically designed to
etermine which sensors were going to be housed in the final
rototype. With that goal in mind, the chamber was capable of
ousing up to 15 sensors at the same time.

Using the first chamber, measurements were performed to
etermine the sensitivities of 21 different sensors against ben-
e-concentrator based system to assess carbon dioxide contamination
022

ene. Table 2 describes the sensors tested. In order to be sure
bout which sensors were more sensitive to benzene, concen-
rations of 20, 7, 5 and 2 ppm were measured with all 22
ensors. Table 3 describes the sensors chosen after determin-

e prototype.

dx.doi.org/10.1016/j.snb.2007.12.022
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Fig. 2. Sensor chamber, capacity 15 commercial sensors (FIS and Taguchi TGS).

Table 2
Metal oxide sensors

Amount Type Application

Taguchi (series-8)
1 TGS-800 Air quality, smoke, benzene
2 TGS-821 Hydrogen
1 TGS-880 Nourishing product scents
1 TGS-813 Combustible gas
1 TGS-842 Methane, natural gas
2 TGS-822 Organic dissolvents
2 TGS-823 Organic dissolvents (benzene)
2 TGS-826 Ammoniac

FIS (series-SP)
2 SP-MW0 General intention; kitchen control.
2 SP-11-00 General purpose; inflammable steam
2 SP-53 Hydrocarbons
2 SP-AQ2-00 Air quality, VOC’s
2
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Temperature was controlled using a k-type thermocouple. Fig. 6
shows the electronic circuit connected to the thermocouple
SP-AQ3-00 Combustible gas

ng the best sensitivities (defined as the normalized conductance
ncrement).

The final chamber housed the four most sensitive sensors
gainst benzene. Fig. 3 shows how the chamber was fabricated;
t is made in stainless steel and sufficiently robust for the appli-
ation. The three pieces that form are symmetrical, and they are
xed with others with screws for which make a pressure the one
n the other. The dead volume was minimized to 0.6 ml with
Please cite this article in press as: C. Duran, et al., Thermal desorption pr
by benzene, Sens. Actuators B: Chem. (2008), doi:10.1016/j.snb.2007.12.

xternal dimensions of 10 mm × 10 mm × 6 mm.

able 3
ensors chosen after determining the best sensitivities (defined as the normalized
onductance increment)

ensor Normalized conductance (Cmax − Ci)/Ci

GS 800 0.6011
GS 822 0.7648
GS 823 1.3995
P 31 1.4926

u

T
T

#

1
2
3
4
5
6

Fig. 3. Sensor chamber fabricated with dead volume.

.3. Design and fabrication of the thermal desorption unit

The thermal desorption unit envisaged for the system had to
omply with three different features:

High temperature heating, up to 350 ◦C, since carbon concen-
trators need a temperature higher than 300 ◦C to be activated
and to be cleaned completely.
Low thermal inertia to be able to ramp up temperature as fast
and accurate as possible.
Easy coupling of temperature proves to accurately monitor
heating temperature.

Different systems were proposed and carefully evaluated.
ig. 4 shows a schematic diagram of the approach chosen in the
nd. For this system a heating wire (Inc. Engineering Omega)
nd glass tube (Borosilicate) were used in the application. The
lament of 0.50 mm diameter is made of nickel–chromium,
hich is used in applications with high temperatures, for exam-
le furnaces and radiators. These wires can reach temperatures
ver 1000 ◦C.

Table 4 shows the temperatures and transient times achieved
y this system. Fig. 5 shows a real picture of the device con-
tructed. Table 5 shows the characteristics of this material.
e-concentrator based system to assess carbon dioxide contamination
022

sed.

able 4
emperatures and transient times achieved by thermal desorption unit

Test Current (A) 100 ◦C (s) 150 ◦C (s) 200 ◦C (s) 250 ◦C (s)

4.40 1.5 2.55 5.5 6.5
4.43 1.5 2.5 5.2 6.3
4.45 1.2 2.3 5 6
4.45 1.2 2.2 5 6
4.50 1 2 4 5
4.55 1 2 4 5

dx.doi.org/10.1016/j.snb.2007.12.022
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Please cite this article in press as: C. Duran, et al., Thermal desorption pr
by benzene, Sens. Actuators B: Chem. (2008), doi:10.1016/j.snb.2007.12.

The tube was filled with Carbopack B absorbent. An amount
f 400 mg adsorbent was used, located internally in the glass
ube, with 15 cm (9 cm for the adsorbent one) length, 7 mm of
xternal diameter and 3.65 mm of internal diameter. Two fiber

Fig. 5. Thermal desorption unit constructed.

able 5
haracteristics of the material

dsorbent Carbopack B

esh 60/80
urface area (m2/g) 100
ensity (g/ml) 0.36
pplication C5–C12

Fig. 6. Control circuit (thermopar type k).
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approach chosen in the end.

lass corks of 5 mm each one were located in each one of the
nds of the tube with the objective to avoid that the charcoals
oved to the outside due to the gas flow. The total volume of

he tube was of 0.86 ml (cm3).

.4. System automation

In order to obtain repetitive results, the whole measurement
rocess had to be automated. In fact, the automation of the equip-
ent was one of the initial premises that had to be proved if

he system ever becomes commercially available. A PC was
n charge of the measuring process, controlling the following
evices:

All the electro-valves
A current controlled source, with a maximum amperage of
4 A
The sensor chamber

Fig. 7 shows the final system configuration with the different
ubsystems. Different lines show the different pathways that
e-concentrator based system to assess carbon dioxide contamination
022

ould be used. One possibility is to use the solid line for both
bsorption and desorption. A second possibility is to use the
ashed line for absorption and the solid line for desorption.

Fig. 7. The final system configuration with the different subsystems.

dx.doi.org/10.1016/j.snb.2007.12.022
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The gas sensor electrical conductance has been monitored and
acquired. The information processed has the maximum value of
conductance during the desorption process.

Table 6
Different mixtures measured with 20 ppb of benzene

Compound Mixture

20 ppb benzene (C6H6) + 5 ppm methane (CHx) + 2 ppm CH3OH
(methanol + CO2)

A

20 ppb benzene + 25 ppm methane (CH4) + 10 ppm CO + CO2 B
CO2 C-45 C
Fig. 8. Chronogram of the mea

. Results and discussion

.1. Experimental design

Fig. 8 shows the chronogram of the measurements made with
he prototype. Initially, synthetic dry air cleans the adsorbent
uring 20 min, to make sure there are no rests from previous
easurements. After that, contaminated CO2 (with a given con-

entration of benzene) was directed through in the adsorption
ube during 10 min. After those 10 min, a flow of CO2 was
pplied during 2 min to stabilize the sensor response before
pplying the current to heat the adsorbent, which lasted ten addi-
ional minutes. After that, 8 additional minutes where used to
ool the system.

With this approach, 200 ◦C where reached during the des-
rption phase and 25 ◦C after the cooling period. In most of the
ases a second desorption cycle was performed in order to assure
he complete desorption of the benzene. Fig. 9 shows the sensor
rray response to three consecutive desorptions. It can be seen
Please cite this article in press as: C. Duran, et al., Thermal desorption pr
by benzene, Sens. Actuators B: Chem. (2008), doi:10.1016/j.snb.2007.12.

hat after the first desorption cycle, the second and third bear no
ensor response, assuring that the first one desorbed completely
he benzene concentrated.

Fig. 9. Sensor array response to three consecutive desorptions.
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ents made with the prototype.

.2. Measurements

A set of 65 measurements were performed, and obtained with
dsorptions of 150, 70, 20 and 10 ppb of benzene under a CO2
ow. Tables 6–8 shows the different mixtures measured with
0 ppb and 20 ppb of benzene and their codification, where it
an be seen that clean CO2 and CO2 plus other interferences
ere also included in the measurement set to classification.
e-concentrator based system to assess carbon dioxide contamination
022

0 ppb benzene (C6H6) + CO2 D
.1 ppm SO2 + CO2 E
+ 20 ppb benzene + CO2 F

5 ppm methane (CH4) + 10 ppm CO + CO2 G
+ 20 ppb of benzene + CO2 H
ppm of methane + 2 ppm methanol + CO2 I
+ 20 ppb of benzene + CO2 J
ppm methanol + CO2 K
+ 20 ppb of benzene + CO2 L

.5 ppm (argon + O2) + CO2 M
+ 20 ppb benzene + CO2 N

able 7
ifferent mixtures measured with 10 ppb of benzene

ompound Mixture

O2 C-45 1
0 ppb benzene + 4 ppm of methanol + CO2 2
0 ppb benzene + 5 ppm methane (CH4) and 2 ppm methanol + CO2 3
0 ppb benzene + 25 ppm methane (CH4) + 10 ppm CO + CO2 4
0 ppb benzene (C6H6) + 0.1 ppm of SO2 + CO2 5
0 ppb benzene (C6H6) + CO2 6
0 ppb + 1.5 ppm of O2 + argon + CO2 7

dx.doi.org/10.1016/j.snb.2007.12.022
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Table 8
Different mixtures measured and their codification to classification

# Measurement Compound Codification

24 20 ppb of benzene + interferences + CO2 20
18 10 ppb of benzene + interferences + CO2 10
1

3

d
m

s
w

o
b
c
g
p

5 Interferences + CO2 IN
8 CO2 C

.3. Results
Please cite this article in press as: C. Duran, et al., Thermal desorption pr
by benzene, Sens. Actuators B: Chem. (2008), doi:10.1016/j.snb.2007.12.

Figs. 10 and 11 shows two PCA graph were it can be seen the
ifferent clusters corresponding to different types of measure-
ents.

t
o
c
a

Fig. 10. PCA graph with different types of cluste

Fig. 11. PCA graph with different types of cluster
 PRESS
ators B xxx (2008) xxx–xxx

It is clear that the system devised is able to discriminate mea-
urements with as low as 10 ppb compared to pure CO2 or CO2
ith other interfering species.
A fuzzy artmap neural network was applied with a leave-one-

ut approach to see how well a neural network could distinguish
etween the different situations. Tables 9 and 10 show the results
onsidering a classification comprising all the species, a cate-
orization between 20 ppb, 10 ppb and no benzene samples and
resence/absence of benzene.

From the results it is clear that the system is capable of detec-
e-concentrator based system to assess carbon dioxide contamination
022

ion reliably up to 10 ppb of benzene despite the presence of
ther interferences gas. With these results we have evaluated the
apacity to detect 10 ppb of benzene in a flow of CO2 connecting
n electronic nose to a stage of thermal desorption. In the end,

r (10 ppb, 20 ppb, interferences and CO2).

(10 ppb with 20 ppb, interferences and CO2).

dx.doi.org/10.1016/j.snb.2007.12.022
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Table 9
Classification with four categories (10 ppp, 20 ppb, interferences and CO2 pure)

Normalization method Success rate with the fuzzy
ARTMAP (%)

Auto-scaled 89
Mean-centring 84
Matrix normalization 89
Sensor normalization 87

Table 10
Classification with three categories (10 ppb with 20 ppb, interferences and CO2

pure)

Normalization method Success rate with the fuzzy
ARTMAP (%)

Auto-scaled 97
Mean-centring 92
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atrix normalization 95
ensor normalization 94

he detection of benzene in a CO2 flow was of 97% success rate
sing the normalization method “Auto-scaled”.

. Conclusions

The results obtained in this work show that is possible to
etermine contamination of carbon dioxide by benzene at trace
evels even in the presence of other pollutants at ppm levels com-
ining a pre-concentrator and a gas sensor array. Nevertheless,
he system in the present form does not allow to determine the
enzene concentration.

We have demonstrated how a multisensor system based on
emiconductor gas sensors is able to detect down to 10 ppb of
enzene under a CO2 atmosphere despite the presence of other
ontaminant species. The use of a cheap made-in-house thermal
esorption unit has the potential to boost sensitivity between
00 and 500 times the one showed by the sensor system alone,
aking the detection of ppb traces of benzene possible in such

pplication.
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